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Abstract: Results of contact tests using spherical indenters on flat ceramic coating layers
bonded to compliant substrates are reported for selected dental ceramics. Critical loads to
produce various damage modes, cone cracking, and quasiplasticity at the top surfaces and
radial cracking at the lower (inner) surfaces are measured as a function of ceramic-layer
thickness. It is proposed that these damage modes, especially radial cracking, are directly
relevant to the failure of all-ceramic dental crowns. The critical load data are analyzed with
the use of explicit fracture-mechanics relations, expressible in terms of routinely measurable
material parameters (elastic modulus, strength, toughness, hardness) and essential geometri-
cal variables (layer thickness, contact radius). The utility of such analyses in the design of
ceramic/substrate bilayer systems for optimal resistance to lifetime-threatening damage is
discussed. © 2002 John Wiley & Sons, Inc. J Biomed Mater Res (Appl Biomater) 63: 137-145, 2002; DOI

10.1002/jbm.10091
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INTRODUCTION

Laminate structures with brittle outer layers are important in
biological systems such as shells, teeth, and prosthetic im-
plants, as well as in a range of engineering applications.
Brittle coating layers impart high wear resistance, biocom-
patibility, and chemical or thermal inertness to the composite
structure. However, the lifetimes of such structures are gen-
erally limited by any one of a number of damage modes that
may develop in the coating layer, especially under concen-
trated loading conditions.! Figure 1, showing the in vivo
failure of an all-ceramic molar crown after 2 years, is an
illustrative case in point. There is accordingly a need to
develop test protocols for quantifying these modes in ceram-
ic-based layer structures, in order to enable design and de-
velopment of superior materials systems with longer life-
times.
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One such test protocol involves Hertzian testing with
spherical indenters on model flat-surface structures, most
commonly in single-cycle loading but also (to facilitate fa-
tigue testing) in cyclic loading.' This test usefully simulates
basic elements of occlusal function,>™ and so is clinically
relevant in the characterization of potential ceramic materials
for dental crowns. Although it is just one of many approaches
that might be adopted to investigate damage modes in dental
materials, Hertzian testing offers unique simplicity in testing
and analysis. In monolithic ceramics, such testing has been
used to distinguish two competing near-contact damage
modes: brittle mode—in fine-grain, high-strength polycrys-
talline ceramics (and glasses), classical conelike tensile
cracks initiating from the upper surface;"'°~'? quasiplastic
mode—in coarse-grain, high-toughness ceramics, distributed
shear-microcracks initiating within a subsurface yield
zone.”"*~'> Analogous tests on flat ceramic layers bonded to
dentinlike soft substrates'®~%? indicate a third mode, radial
cracking at the inner surface (i.e., at the ceramic-layer/sub-
strate interface), driven by undersurface tension from flexure
of the ceramic layer on the soft support. In this mode, the
Hertzian contact may be regarded simply as a generic applied
load which can induce ceramic plate flexure and hence initi-
ate inner surface radial cracks—specific details of the loading
are not critical. These cracks are most relevant in the context
of failure of all-ceramic crowns, because they can occur at
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Figure 1. Failure of all-ceramic molar crown after 24 months: (a)
occlusal view, (b) buccal view. Courtesy S. Scherrer.

relatively low loads and spread over long lateral distances.
They are believed to be the source of failures such as that in
Figure 1.° Radial cracks may remain entirely subsurface prior
to the point of failure and therefore pass undetected in opaque
layer materials. Explicit relations for the critical load for each
of the above damage modes in terms of basic materials
properties and other variables are now available for quanti-
tative analysis.>*

In dentistry, there has been a significant move away from
traditional porcelain-fused-to-metal crowns toward all-ce-
ramic crowns, for aesthetic as well as for the durability
elements alluded to above.’ Ideally, one would like to be able
to replace severely damaged tooth enamel with a single
monolithic ceramic possessing both aesthetics and durability.
However, development of monolithic all-ceramic crowns
with the capacity to withstand typical biting forces of 100—
200 N over cuspal radii 2—4 mm for up to 10° chewing cycles
or more per year’ over acceptable lifetimes has proved elu-
sive.?* In reality, ceramic-based crowns are fabricated as
layer structures with aesthetic but weak veneer porcelains on
stiff and strong ceramic support cores, with a minimum

combined thickness ~ 1.0—1.5 mm.® Nevertheless, the ideal
of a single brittle layer on a compliant support marks an
important first step in understanding prospective crown be-
havior, and in any case provides data input for ensuing design
of complex trilayer systems.?

Application of Hertzian contact testing to the evaluation of
ceramic materials for dental crowns is a primary goal of the
present study. This article reports on single-cycle Hertzian
indentation experiments on model flat bilayer systems con-
sisting of selected dental ceramic layers bonded to compliant
polycarbonate substrate bases. The choice of polycarbonate
as base material is to facilitate in situ observation of the
all-important radial cracking mode during actual contact.?'
Critical loads to initiate each damage mode are thereby mea-
sured over a broad range of ceramic layer thicknesses. The
critical load data are compared with predictions from basic
fracture mechanics relations, using independently measured
material parameters (elastic modulus, strength, hardness, and
toughness) and key geometrical dimensions (layer thickness,
sphere radius). Such results may be used as a basis for
material characterization and design parameters for more
complex crown and other biomechanical structures.

MATERIALS AND METHODS

Contact Testing and Damage Modes

Basic details of the Hertzian contact test used in this study are
shown in the schematic of Figure 2. Indentations are made in
normal loading with the use of tungsten carbide (WC)
spheres. Generally, single load—unload cycles are applied at
each contact site in air at fixed displacement rates, with
typical contact durations ~100 s,'**¢ although these condi-
tions can be systematically varied to study fatigue and rate
effects in aqueous environments.*’~°

Whereas a certain amount of information on damage
modes can be realized from simple inspections of surface
indentation sites, it is generally necessary to explore the
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Figure 2. Schematic of brittle layer of thickness d bonded with thin
adhesive to a thick compliant substrate, indented with sphere of
radius r; at load P. Damage modes: surface cone cracks (C); quasi-
plastic yield zone (Y); inner-surface radial cracks (R).
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Figure 3. Top and section views of damage in bonded-interface specimens of (a) fine-grain and (b)
coarse-grain micaceous glass—ceramic, from indentation with WC sphere of radius r; = 3.18 mm at
load P = 1000 N. From Reference 31.

subsurface regions as well. One way of accomplishing this is
to employ a bonded-interface technique in which specimens
are split and rejoined prior to indentation, and the ensuing
damage is viewed in Nomarski illumination after gold-coat-
ing the separated surfaces.’**’ Figure 3 shows micrographs
of sphere-indentation damage from a WC sphere of radius r
=3.18 mm at load P = 1000 N (cf. nominal biting force of
100-200 N) in two monolithic micaceous glass—ceramics
formed from the same original glass composition but with
two different grain sizes (controlled by heat treatment).?®-3%-3!
This glass composition is the basis for the (now discontinued)
dental ceramic Dicor developed by Corning,** with a micro-
structure scale intermediate between those in Figures 3(a) and
3(b). The fine-grain material [Figure 3(a)] shows dominant
cone cracking, the coarse-grain material [Figure 3(b)] shows
dominant quasiplasticity. Both damage modes evolve further
in cyclic loading:** the brittle mode by slow extension of the
cone crack; and the quasiplastic mode by relatively rapid
microcrack coalescence, leading ultimately to formation of

dangerous subsurface radial cracks. These latter cracks can
seriously degrade the strength of the ceramic, especially in
cyclic loading in aqueous environments.**>® Quasiplasticity-
induced radial cracks may develop in even the most brittle
ceramics, including glasses and dental porcelains.®*3%3?
Analogous contact-induced damage in a bonded-interface
bilayer specimen is illustrated in Figure 4, for a fine-grain
micaceous glass—ceramic coating bonded with a thin (= 10
um) interlayer of dental cement to a filled-polymer composite
substrate. Elastic moduli of the coating and substrate ma-
terials are comparable to those of tooth enamel and dentin.
The contact load P = 250 N used is substantially lower than
that in Figure 3, and much closer to our nominal biting force
of 100-200 N. Traces of conelike cracks are evident, al-
though the cone diameters are considerably wider than those
in monoliths [cf. Figure 3(a)]. Upward-extending radial
cracks are now also evident.'®*'** These changes in crack
configuration are attributable to enhanced flexure of the ce-
ramic plate on the softer polymeric-based substrate, with

Glass-ceramic/filled-polymer

Figure 4. Section views of cracking in flat ceramic/substrate bilayers, from bonded-interface spec-
imen of glass—ceramic/filled-polymer, ceramic thickness d = 0.45 mm, WC sphere indenter r; = 3.18

mm at P = 250 N. From Reference 20.
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(a)

| mm

(b)

Figure 5.

(c)

(d)

In situ views of radial crack sequence at lower as-polished surface of alumina coating,

thickness d = 0.15 mm, on polycarbonate substrate, from indentation with WC sphere, r, = 3.96 mm.
Loading half cycle, (a) P = 15.1 N, (b) P = 35.1 N, (c) P = 56.6 N, and (d) P = 0 N (unloaded). From

Reference 23.

characteristic development of a primary tensile stress maxi-
mum at the lower coating surface and secondary maximum at
the outer shoulders of the top surface (along with simulta-
neous suppression of the Hertzian tensile maximum at the
contact circle).?!

Although bonded-interface and other postindentation sec-
tioning specimens are useful in identifying damage modes,
they are limited in their capacity to quantify critical loads and
to determine of out-of-plane crack geometries. Acoustic de-
tection may be used to detect the onset of cracking in some
noisy opaque ceramics, but even then it is not always easy to
determine which crack forms first, or how the different cracks
evolve. For these reasons, model crown/dentin-layer struc-
tures have been constructed with the use of representative
transparent substrates to allow direct in situ viewing of the
ceramic undersurface during loading and unloading.?'** Fig-
ure 5 is an illustrative example for a relatively thin (d = 155
um) glass-infiltrated dental-alumina plate bonded to a thick
(12.5 mm) polycarbonate substrate with an ultrathin (= 10
wm) interlayer of epoxy adhesive.”® The sequence shows
initiation, expansion, and closure of radial cracks during the
loading—unloading cycle. Comparative in situ side views in
specimens with transparent glass coating layers®' indicate

extensive lateral propagation of the radial cracks over dis-
tances several times the ceramic thickness, with penetration
to the upper surface only at very high loads (i.e., well above
those represented in Figure 5). Such cracking, even in its
early stages, severely compromises the specimen integrity,
and can be considered as signaling an effective end to useful
lifetime.

Interestingly, delamination failures are not commonly ob-
served in the experimental arrangement of Figure 2,20
despite the weak interlayer interfaces. When delamination
does occur, usually at very high loads, it is usually preceded
by radial fracture.

Fracture Mechanics Relations

Closed-form relations expressing critical load relations for
cone-crack (C), quasiplasticity (or yield, Y), and radial-crack
(R) damage modes in terms of basic materials properties and
key geometrical variables have recently been report-
ed.>!>2341 Begin by defining an effective sphere radius r and
an effective coating modulus E:"

1/r=1/r, + 1/r, (1a)
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TABLE |. Properties of Dental Materials Used in this Study®

Modulus Hardness” Toughness Strength

Material Name Supplier (GPa) (GPa) (MPa - m'?) (MPa)
Ceramics

Porcelain Mark II Vita Zahnfabrik 68 6.2 0.9 100

Empress Ivoclar 67 5.6 1.4 120

Glass—ceramic Empress 11 Ivoclar 104 5.5 2.9 320

Alumina (glass-infiltrated) InCeram Vita Zahnfabrik 270 12.3 3.0 550

Zirconia (glass-infiltrated) InCeram Vita Zahnfabrik 245 13.1 3.5 440

Zirconia (Y-TZP) Prozyr Norton 205 12.0 54 1450

Enamel Tooth — 94 32 0.8 —
Substrates

Filled polymer Charisma Hereaus 10 0.8 — —

Polycarbonate Hyzod Al Plastics 23 0.15 — —

Epoxy adhesive RT Cure Master Bond 35 0.9 — —

Dentin Tooth — 20 0.6 3.1 —
Indenter

Tungsten carbide Kennametal J&L Industrial 614 19 — —

# Data courtesy I.M. Peterson, Y.-W. Rhee, J. Quinn, H. Xu. Experimental uncertainties estimated at 5% in E, 10% in H, 15-20% in T, 15-20% in o.

" Indentation hardness, H = 2P/a*> = 1.078H,, a = indent diagonal.

1/E = 1/E, + 1/E, (1b)

where subscripts ¢ and i refer to ceramic and indenter mate-
rials, respectively. Then the key critical load relations have
the following forms.

(i) Cone cracks initiate from the top surface outside the
contact circle, where the Hertzian tensile stress is maxi-
mum.'®!"" The crack first grows downward as a shallow,
stable surface ring, resisted by the material toughness 7' (K;¢),
before popping into full cone geometry at load

Pc = A(TYE)r 2)

with A = 8.6X10? from fits to data from monolithic ceramics
with known toughness.'?

(ii) Quasiplasticity initiates when the maximum shear
stress in the Hertzian near field exceeds Y/2, with yield stress
Y =~ H/3 determined by the material hardness H (load/pro-
jected area, Vickers indentation).** The critical load is

Py = DH(H/E)*r* (3)

with D = 0.85 from fits to data for monolithic ceramics with
known hardness.'>

(iii) Radial cracks initiate spontaneously from a starting
flaw at the lower ceramic surface when the maximum tensile
stress in this surface equals the bulk flexure strength o, at
load

Py = Boyd/log(E,JE,) @)

with d the ceramic layer thickness and B = 2.0 from data fits

to well-characterized ceramic-based bilayer systems.*
Thus, given basic material parameters, one can in principal

make a priori predictions of the critical loads for any given

bilayer system. Note that P~ and Py in Egs. (2) and (3) are
independent of layer thickness d, whereas Py in Eq. (4) is
independent of sphere radius r. These relations, within the
limits of certain underlying assumptions, have been verified
for model ceramic/substrate bilayer systems.>*

Materials Used in this Study

The present study considers a range of dental ceramics used
in crown preparation, either currently or in the recent past.
These are listed in Table I, along with basic material prop-
erties evaluated with the use of routine materials testing
procedures: elastic modulus £ (from ultrasonic techniques);
hardness H (from Vickers indentation, as load/projected ar-
ea*>*); toughness T (K., from Vickers indentation crack
measurements**); and strength o (four-point or biaxial flex-
ure, polished surfaces). Table I includes data for indenter and
substrate materials, as well as for tooth enamel and dentin. It
should be emphasized that these data are susceptible to batch-
to-batch variations, depending on the material source and
specimen preparation, so the values cited should not be
regarded as more than representative of any material type.

Accordingly, bilayers were prepared as polished ceramic
plates of thickness d = 100 wm to 7 mm bonded with epoxy
adhesive to transparent polycarbonate substrates of thickness
12.5 mm, for in situ viewing during indentation. The speci-
mens were clamped during bonding, resulting in an adhesive
interlayer ~ 10 um thick. Because the adhesive has similar
modulus properties to that of the substrate, the interlayer
thickness is not considered an important parameter in the
bilayer structures.?!

Critical Load Measurements on Test Bilayers

The bilayer specimens thus fabricated were subjected to
indentation with WC spheres of radius » = 3.96 mm mounted
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into the crosshead of an Instron testing machine (Instron
Model 1122, Instron, Canton, MA), at a fixed crosshead
speed 0.1 mm/min, in air. Radial crack initiation and evolu-
tion was monitored in situ from below the contact through the
transparent adhesive/polycarbonate sublayer with the use of
an optical zoom microscope (Optem, Santa Clara, CA) in
conjunction with a videotape recorder.’'***> Means and
standard deviations for the critical load Py for radial cracking
were determined directly from the videotape, for a minimum
of five indentations at each load condition.

An a posteriori procedure was used to determine the critical
loads for cone cracking and quasiplasticity in the ceramic lay-
ers.” Rows of indentations were made on each ceramic surface
at incrementally increasing peak loads, and the indented outer
surfaces were gold coated and examined in Nomarski illumina-
tion. Mean and uncertainty bounds for P were determined from
the loads over which surface ring cracks first appeared as incip-
ient shallow arcs (lower limit) and were fully formed (upper
limit), for a minimum of 5 indentations at each load. Values for
Py were similarly determined as the load ranges over which
residual surface impressions were completely undetectable and
were clearly visible.

RESULTS AND ANALYSIS

Critical Loads

Figure 6 shows results of critical load measurements using
spheres of radius r; = 3.96 mm on flat ceramic/polycarbonate

104 = T T T T T TTT T T T T T TT =
- Ceramic/polycarbonate ]
B r=3.96 mm T
103 7 E
> B ]
Z
= L _
g
= 100 E E
= E 3
2 C ]
3=}
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O L _
® O Zirconia (Y-TZP)
10! = Alumina (glass-infiltrated) ——|
c ® O Zirconia (glass-infiltrated) 3
C ® O Glass-ceramic (Empress II) ]|
- ® O Porcelain (Empress) -
- ® O Porcelain (Mark IT) -
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Ceramic thickness, d (Lm)

Figure 6. Critical loads for first damage in ceramic/polycarbonate
bilayers as function of coating thickness d, for indentation with WC
spheres of r; = 3.96 mm. Solid symbols are Py data, open symbols P
or P, data. Error bars are uncertainty bounds. Solid lines are theo-
retical predictions for radial (inclined lines) and cone cracking and
quasiplasticity (horizontal lines). Dashed line is nominal operational
load P,, = 100 N for dental function.

bilayers as a function of coating layer thickness d. The data
points represent critical loads for first damage: at large d,
unfilled symbols, either cone cracking (P.) or quasiplasticity
(Py), whichever occurs first (quasiplasticity in all cases ex-
cept Mark II porcelain); at small d, filled symbols, radial
cracking (Pg). The lines are corresponding predictions from
Egs. (2)-(4), inserting r. = %, r = r; into Eq. (1) and using
material parameters from Table I. As expected, the P and Py
data are insensitive to d, whereas the Py data are highly
sensitive, covering a range of more than two orders of mag-
nitude.

Notwithstanding the broad agreement between experimen-
tal data and theoretical predictions, some deviations are evi-
dent. In particular, the exponent in a power-law Py o« d" data
fit would appear to be a little less than the ideal m = 2 in Eq.
(4).2! However, in the context of the wide range of d values
covered in Figure 6, deviations of a factor of 2 or more may
not be so consequential.

Of special relevance to dentistry is the tendency for the
data in Figure 6 to fall into three main groups in the low-
thickness, radial crack region. The lowest-strength group
consists of the aesthetic porcelains (Mark II, Empress), with
glass-infiltrated core ceramics (Vita alumina and zirconia)
plus strengthened glass—ceramic (Empress II) intermediate,
and fully dense zirconia (Y-TZP) highest.

Design Considerations

The above results provide a starting point for designing
ceramic-based bilayer structures. To avoid any form of dam-
age in a given material system, it is necessary to operate
below the appropriate bounding data envelope in Figure 6.
Or, given a nominal maximum operational load P, it is
necessary to satisfy two sets of requirements: first, that P,
remains below the lesser of P and P+, which in turn implies
a minimum sphere radius 7 or ry in Egs. (2) and (3); and
second, that P, remains below Py, which implies a minimum
thickness dg in Eq. (4). Suppose the operational load is P, =
100 N, indicated by the horizontal dashed line in Figure 6.
Then for the ceramic/polycarbonate bilayers and WC sphere
radius (r = 3.96 mm) used in our experiments, di ranges
from ~ 1 mm for the porcelains down to ~ 250 um for the
dense zirconia.

An alternative way of assessing the prospective survival of
ceramic-based bilayers is illustrated in Figure 7. This figure is
constructed for monolithic dental ceramics*®*’ (E, from Ta-
ble I) on dentin supports (E;, = 16 GPa), in contact with
opposing tooth enamel (E; = 94 GPa), with like cuspal radii
(r; = r.), at operational load P, = 100 N. Once this infor-
mation is inserted into Eq. (1), Egs. (2)—(4) may then be
employed to determine critical dimensions for the different
damage modes: 7 [cone cracking, P- = P, in Eq. (2)], ry
[quasiplasticity, Py = P, in Eq. (3)], and dy [radial cracking,
Pr = P, in Eq. (4)]. The design goal is to ensure that these
critical dimensions do not exceed the dimensions that define
the crown configuration—that is, that - and ry remain below
a minimum cuspal radius (nominal 2—4 mm) and di remains
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Figure 7. Plots of critical contact radius r for cone cracking and ry,
for quasiplasticity, and critical ceramic-layer thickness dg for radial
cracking, at nominal contact force P = 100 N. Data for selected dental
ceramics: PM, porcelain (Mark Il); PE, porcelain (Empress); GC, glass—
ceramic (Empress ll); ZI, zirconia (glass-infiltrated); Al, alumina (glass
infiltrated); ZY, zirconia (Y-TZP ).

below a minimum ceramic-layer thickness (nominal 1.0-1.5
mm). It would appear from Figure 7 that most ceramics are
relatively immune to cone or radial cracking, provided the
contacts do not become unduly sharp or the ceramic layers
unduly thin. However, most ceramics (especially the glass—
ceramics) are somewhat susceptible to quasiplasticity,®' be-
cause of their relatively low hardness (Table I).

DISCUSSION

Testing of model flat bilayers with spherical indenters has
been presented as a means of characterizing relative sensitiv-
ities of prospective ceramic materials for applications in
brittle coating systems. The study has focused on dental
ceramics for crowns, but the methodology has general appli-
cation to all brittle coating systems. It is suggested that
Hertzian contact represents a uniquely simple and powerful
route to the identification and analysis of critical failure
modes in such systems, representative of the basic elements
of occlusal contacts in dental function® as well as of in-
service contacts in other engineering coating applications.
Critical damage modes include cone cracking and quasiplas-
ticity in the near-contact region at the ceramic upper sur-
face,"” and radial cracking below the indenter at the ceramic
lower surface.?? Again, there is little evidence of interfacial
delamination in these experiments, despite the weak epoxy
adhesive used to bond the coatings to the substrates. Of the
modes observed, radial cracking is considered most danger-

ous, because it can occur at very low loads in thinner coat-
ings, and because the crack arms can spread over long lateral
distances relative to the coating thickness.* Moreover, be-
cause they tend to close up during unloading [e.g. Figure
5(d)], such cracks can be difficult to detect in ordinary top-
surface inspections after the event, especially in opaque ce-
ramics. As indicated (e.g., Figure 1), radial cracking is be-
lieved a primary cause of failure in all-ceramic crowns.’

A feature of the methodology is the availability of explicit,
closed-form relations for the various critical loads in terms of
routinely measurable material parameters (e.g., Table I).
These relations enable quantitative a priori predictions, with
an accuracy of better than a factor of about 2 >**—more than
adequate to account for the basic experimental dependencies
on coating thickness over the typical data range (e.g., Figure
6). These same relations enable the determination of critical
sphere radii and coating thicknesses for the onset of damage
in potential dental ceramic/dentin bilayer systems subject to
some nominal biting force (e.g., Figure 7, P, = 100 N). The
goal is to keep these critical dimensions as small as possible
relative to the dimensions that characterize occlusal function:
by ensuring sufficiently large cuspal contact radii, so as to
avoid cone cracking (r > r) and quasiplasticity (> ry); and
by ensuring sufficiently large crown layer thicknesses to
avoid radial cracking (d > dy).

Diagrams of the kind shown in Figures 6 and 7 can be
useful in rating ceramic materials. Thus it is apparent that
porcelains are most susceptible to fracture, and Y-TZP zir-
conia least susceptible. The fact that porcelain has good
aesthetics while Y-TZP does not means that such materials
would need to be used in layered combination in order to
produce dental crown structures with combined form and
function. Dense Y-TZP in particular suggests itself as a
particularly attractive candidate as a core ceramic, for its
superior strength. It is of interest that the data in Figures 6 and
7 for glass-infiltrated zirconia and alumina core ceramics tend
to fall within a common, intermediate group, confirming that
the form of the preform material is not a critical factor in the
ultimate properties of infiltrated ceramics.*® This would ap-
pear to alleviate the need for unduly stringent quality control
in crown core preparation. The glass—ceramic (Empress II)
tends to fall within this group, although this material is
predicted to be more vulnerable to quasiplasticity. This is
because glass—ceramics tend to have weak internal interfaces,
hence low hardness (Table I). The especially high vulnera-
bility of the quasiplastic mode to fatigue®*>-* and wear **4
could contribute to the unacceptably high failure rates of
glass—ceramic molar crowns in clinical practice.**°

One aspect of the fracture mechanics relations that bears
attention is the dependence of the critical loads on flaw
populations in the ceramic layers. Whereas P and P+ in Eqgs.
(2) and (3) are controlled by flaw-insensitive parameters
toughness and hardness, Pg is directly proportional to
strength and is therefore susceptible to strength degradation
from large flaws. Such susceptibility has been clearly dem-
onstrated in experiments on glass/polycarbonate bilayers con-
taining controlled abrasion®' or Vickers indentation flaws in
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the glass lower surfaces.*’ Flaw statistics can also affect the
relation for radial cracking in Eq. (4): The probability of
locating a suitably large flaw in the tensile region immedi-
ately below the contact diminishes with decreasing coating
thickness (owing to lateral spatial scaling with thickness d in
the flexure tensile stress field—geometrical similarity), ac-
counting for a nonideal exponent m < 2 in the Py o« d™ data
trends noted in Figure 6.°" These considerations suggest that
ceramics used in crown structures should be prepared with
smooth surfaces (especially the undersurfaces), and have fine
microstructures, to avoid large flaws. In this context, the
common practice of finishing the inner surfaces of some
dental crowns with sandblast treatments (to remove any sur-
plus glass from infiltration investment processes and to
roughen the surfaces for ensuing adhesion to the remnant
tooth) could perhaps be reviewed.

The next step in the development of design strategies for
dental crowns or other biomedical multilayer structures
would appear to be to obtain analytical relations analogous to
Eq. (4) for radial cracking in flat all-ceramic veneer/core
crowns on soft dentinlike substrates, that is, trilayers25 [as-
suming the critical loads for cone cracking and quasiplasticity
in Egs. (1) and (2) remain reasonable approximations]. What
combinations of material properties and layer thicknesses
offer maximum resistance to lifetime-threatening damage?
Once this question is answered, incorporation of more com-
plex geometrical shapes into detailed engineering-based mod-
els that characterize actual crown configurations may be
contemplated.

Thanks are due to H. W. Kim, Y. W. Rhee, I. M. Peterson, J.
Quinn, and H. Xu for providing some of the data in Table I
Specimen materials were generously supplied by H. Hornberger of
Vita Zahnfabrik, Bad Sackingen, Germany, and E. Levadnuk of
Norton Desmarquest Fine Ceramics, East Granby, CT.
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